In this work, a facile two-step hydrothermal method was reported to grow hierarchical 1 flower-like NiAl layered double hydroxide (LDH) directly on 3D nickel foam (NF) which was 2 further coated with 2D graphene nanosheets (GNS) layers as binder-free supercapacitor electrode.
Abstract:
In this work, a facile two-step hydrothermal method was reported to grow hierarchical 1 flower-like NiAl layered double hydroxide (LDH) directly on 3D nickel foam (NF) which was 2 further coated with 2D graphene nanosheets (GNS) layers as binder-free supercapacitor electrode.
3
The positive and negative effects of GNS on the electrochemical performance of LDH-NF 4 electrode were investigated in detail. The prepared LDH-NF/GNS electrode maintained an 5 enhanced specific capacity of 165.6 C g -1 after 4000 cycles at a high current density of 40 A g -1 .
6
Furthermore, a hybrid supercapacitor, with LDH-NF/GNS and GNS-NF as the positive and and super long-term cycle stability (a specific capacity of 67.2 C g -1 at 5 A g -1 after 5000 cycles
The ever-increasing energy needs and the limited availability of fossil fuels has led to the 2 development of high-performance energy storage systems, such as batteries 1 to their fast charge and discharge rate, high power density, long cycle life, and high reliability [4] [5] [6] [7] .
5
Generally, SCs can be divided into electrical double layer capacitors (EDLCs) where the double 6 layer is charged and pseudocapacitors where reversible redox reactions proceed [8] [9] . Currently,
7
EDLCs exhibit high power density, but suffer from low energy density; while pseudocapacitors 8 possess a higher specific capacitance of 10-100 times than that of EDLCs, but encounter unstable 9 cycle performance [10] [11] [12] [13] [14] . Therefore, the design and synthesis of new electrode materials with 10 improved electrochemical and physical properties are the important factors in leading to high 11 energy density and power density for supercapacitors 15 .
12
As promising positive electrode materials, layered double hydroxides (LDH), which normally for 12 h to obtain the GNS powder. GNS electrodes were fabricated using the following method: 
14

Materials characterization 15
X-ray diffraction (XRD, Bruker D8 Advance X-ray) of the samples was performed using Cu Kα 
19
Electrochemical measurements 20
The electrochemical properties of the as-obtained LDH-NF, LDH-NF/GNS and GNS single 21 electrodes were investigated under a three-electrode system with a 6 M KOH aqueous solution as galvanostatic charge/discharge measurements and electrochemical impedance spectroscopy (EIS).
5
The EIS measurements were carried out over the frequency range from 100 kHz to 0.01 Hz at the 6 open circuit potential with an ac perturbation of 5 mV. The mean of three sets of independent 7 experiments (deviations within ±5%) using three different batches of the samples are reported. The specific capacity (C) of LDH-NF, LDH-NF/GNS were calculated from the 9 galvanostatic charge/discharge curves as follows: C = I×∆t/m, where I is the discharge 10 current (A), ∆t is the discharge time (s) and m is the mass of the electroactive material in 11 the electrode (g), while the specific capacitance (Cs) of GNS were calculated by Cs =
12
I×∆t/(m×∆V), where I is the discharge current (A), ∆t is the discharge time (s), m is the 13 mass of GNS in the electrode (g), and ∆V is the total potential deviation (V). The specific 14 capacity (C') of HSC was calculated from the galvanostatic charge/discharge curves as 
LDH-NF and (d) LDH-NF/GNS. 3
A 3D LDH-NF/GNS electrode was prepared using a simple two-step process, as illustrated in as a binder-free LDH-NF electrode. Second, a hydrothermal treatment was conducted to load GNS 6 on the LDH-NF electrode. Briefly, a piece of cleaned NF (Fig. 1b) form NiAl-LDH particles 24 , which were grown directly on NF as the reaction continued, and the 12 NF was turned from gray to green due to the green colored NiAl-LDH (Fig. 1c) . The material was of the peaks for NF, the XRD pattern of NiAl-LDH exhibited reflections of (003), (006) turned black due to the coverage of black GNS (Fig. 1d ). Finally, a 3D binder-free LDH-NF/GNS 9 electrode was prepared. The diffraction peaks observed in the composite ( structure, which was composed of interconnected nanoplatelets with a mean thickness of 10 nm.
7
These nanoplatelets were intersected and aligned vertically on the NF, which can facilitate the form a continuous 3D conductive network (Fig. 2g-h ). On the other hand, to a certain extent, the In general, the smaller the potential difference between the anodic and cathodic peak potential
10
(∆E), the better the reversibility in the redox reaction. As shown in Fig. 3a , the LDH-NF electrode
11
(∆E=315 mV) demonstrated better reversibility than the LDH-NF/GNS electrode (∆E=360 mV).
12
This was attributed to the larger surface area of the LDH-NF electrode exposed to the electrolyte, where ip is the peak current, n is the number of electron transferred, A is the electrode area, Do   14 is the diffusion coefficient, Co* is the reactant concentration, and ν is the scan rate. For comparison, 
the diffusion coefficients (DLDH-NF and DLDH-NF/GNS) of the LDH-NF and LDH-NF/GNS electrodes
Fig. 4 Discharge curves of (a) LDH-NF and (b) LDH-NF/GNS at different current densities. (c) Specific 3 capacity of LDH-NF and LDH-NF/GNS at different current densities. (d) Cycling stability of the LDH-4
NF and the LDH-NF/GNS electrodes at 40 A g -1 .
5
As shown in Fig. 4a-b was covered with GNS in the LDH-NF/GNS electrode, which reduced the electroactive sites of 8 LDH for the redox reactions and led to a lower specific capacity. The high life-cycle stability of the electrode is an important factor in the applications of SCs.
12
The LDH-NF and the LDH-NF/GNS electrodes were tested for 4000 charge/discharge cycles at a 13 high current density of 40 A g -1 , as shown in Fig. 4d . The tested cycle number and current density 14 are similar to the conditions of the NiAl-LDH electrodes tested in other studies 19, 24, [32] [33] [34] 44 LDH suffered from considerable degradation, as supported by SEM (Fig. 5a ). Compared to Fig.   4 2d, the ball-like assemblies of LDH agglomerated with each other after the 4000 cycle tests at 40
5
A g -1 , which decreased the number of redox reactions. Therefore, a drastic reduction of the C value 6 and poor cyclic stability were observed. For the LDH-NF/GNS electrode, the C value increased by cycle test, C was 165.6 C g -1 with a retention of 54.1%. As shown in Fig. 5b , the LDH structure 10 was maintained except for the loss of some GNS layers. The flexible GNS film efficiently buffered 11 the volume change in the LDH materials during the long charging and discharging processes. As 12 a result, the structural/crystallographic degradation of the electroactive surface was minimized.
13
Compared to the LDH-NF electrode, the LDH-NF/GNS electrode exhibited better durability and 14 more stable electrochemical performance because of the positive effect of GNS in the electrode.
15
Compared to the previously reported NiAl-LDH-based electrodes (Table S1) As a result, in the high frequency region, the intercept of the curve at the real axis (Z') equals 8 Rs, which includes the resistance of the electrolyte, ohmic resistance of the active LDH materials,
and contact resistance at the active LDH materials/NF interface. The semicircle, which 10 corresponds to Cdl and Rct, displays the charge-transfer process at the working electrode-electrolyte 11 interface. In the low frequency region, the slope of the curve represents the Warburg resistance
12
(Zw), which is related to electrolyte diffusion in the porous electrode and proton diffusion in the
13
LDH materials. The Rs, Cdl, Rct, W, and CF values were calculated from the complex nonlinear 14 least square fitting of the experimental impedance spectra, as shown in Table 1 .
15 Table 1 . Impedance parameters obtained from the equivalent circuit after fitting 16 Before the cycling test, the Rs and the Rct values of the LDH-NF electrode were 0.245 Ω and also increased, which might be due to the morphological changes in the LDH (Fig. 5) . On the other 8 hand, the Rct of the LDH-NF/GNS electrode was 46.5% smaller than that of the LDH-NF electrode,
9
which was attributed to the positive role of GNS in buffering the volume change in the LDH 10 materials.
11
Before the cycle test, the Cdl value of the LDH-NF electrode was lower than that of the LDH-
12
NF/GNS electrode, suggesting that GNS contributed to the charge storage by ion adsorption. were then coated on a NF as the negative electrode (GNS-NF). A broad peak at around 2θ=24.4 o 6 in the XRD pattern represented an interlayer spacing of 0.36 nm (Fig. S3a) . The prepared GNS- a good retention rate of 66.7% (Fig. S3d) . The results were comparable to those previously reported 11 for graphene-based supercapacitors [51] [52] . These electrochemical behaviors showed that prepared 12 GNS-NF electrode could serve as a negative electrode in HSCs. presents a typical CV curves for at various scan rates between 0 and 1.6 V. The CV curves also 10 deviate from a rectangular shape because of the battery-type charge storage mechanism of LDH.
11
With the increase of scan rate from 5 to 100 mV s -1 , the shapes of CV curves of the device did not 12 change, implying the good fast charge-discharge properties of the device. Fig. 7b showed the 13 galvanostatic charge-discharge curves, from which the discharge curve was almost symmetrical 14 with its corresponding charge counterpart, demonstrating the excellent electrochemical 15 reversibility and good coulombic efficiency 53 . The specific capacity (C') values were calculated 16 to be 141.9, 126.1, 108, 88.7, 81.8, 64.1 and 53.9 C g -1 at current densities of 0.5, 1, 2, 4, 5, 8, and 17 10 A g -1 , respectively (based on the total mass of the active material in the positive and negative 18 electrodes). Based on these C values, the highest energy density of the HSC (Fig. 7c) (Table S2 ). The ultrahigh energy density 3 of the device was attributed to the good energy storage ability of the binder-free LDH-NF/GNS 4 electrode. The galvanostatic charge-discharge test was also carried out to evaluate the durability 5 of the as-fabricated HSC with 0 ~1.6 V for 5000 cycles at a current density of 5 A g -1 . As shown 6 in Fig. 7d , the specific capacity of the HSC first increased slightly to 89.4 C g -1 (~6%) after 100 7 cycles and was stabilized at 67.2 C g -1 (with a retention rate of 80%) after 5000 cycles, which was 8 comparable to those of the HSCs 58-59 .
10
Conclusions
11
In conclusion, the loading of GNS on the LDH-NF electrode had both positive and negative 12 effects on the electrochemical performance and the stability of the electrode. Positively, the 
